ABSTRACT. Measurements of current velocity, temperature, salinity, and water level were made over a period of two months in Rupert Bay, James Bay (Canada). From an analysis of the current meter time series, the circulation and distribution of physical properties were found to be dominated by the tides, with the semi-diumal component being the predominant component. An analysis of variance revealed that 77% of the salinity variations were related to the tides. Vertically homogeneous conditions prevailed in many areas because of a large tidal amplitude/depth ratio of 0.625, causing intense mixing in two-thirds of the estuary. Non-tidal velocity components were found to be 0(1) less than tidal currents, with the long-term mean circulation directed out of the bay. Non-tidal water level variations were well correlated with the wind.
INTRODUCTION
Since the early 1970s, extensive oceanographic field studies have been undertaken in the coastal areas of southeastern Hudson Bay and eastern James Bay. The renewed interest in a region that had been neglected for so many years (Dunbar, 1982) arose because of plans to develop major hydroelectric projects on many rivers in northern Quebec.
In 1982, Prinsenberg published a paper predicting effects of hydroelectric development on river discharge and, ultimately, on the circulation of James Bay (Prinsenberg, 1982 ; see also Prinsenberg, 1980 , for effects on other sites in Hudson Bay.) He used an estuarine circulation model and considered the salt balance of the system for both summer and winter conditions. His model predicted increased discharge in winter and a doubling of the near-surface coastal currents in the bay. Prinsenberg's model was taken from earlier studies of the relationship between circulation and salt flux (in which similarity solutions were obtained for pairs of partial differential equations). Hansen and Rattray (1965) , Kjerfve (1986) , and Pritchard (1967) provide detailed discussions of salt balance and gravitational circulation in estuaries. Rather than provide an inventory of the work that has dealt with physical processes in estuaries, we refer the reader to two comprehensive volumes by Dyer (1973) and Officer (1976) , in which they have explained the physical oceanography of estuaries and have given examples of theory applied to many estuaries in the world.
The data analyzed in the present study were collected during the summer of 1976 by the Groupe Inter-universitaire de Récherches Océanographiques du Québec (GIROQ) under contract with the Société d'Energie de la Baie James (SEBJ). Measurements of current velocity, temperature, salinity, and water level were made over a period of two months in Rupert Bay, which is a large, shallow estuary located in the southeastern comer of James Bay. The goal was to gather information on the physical oceanography, the sedimentological regime, and the biological oceanography (including benthos and fish, as well as the ecology of the coastal marshes) of Rupert Bay. The results of those observations were reported in a number of technical reports and a few articles (Legendre and Simard, 1978; d'Anglejan, 1980; Ingram and Chu, 1987) .
The objectives of this paper are to describe the summer physical oceanographic characteristics in Rupert Bay and to understand some of the variability on the basis of tidal, meteorological, and freshwater forcing. We begin with a general description of the study area and follow with a brief description of sampling and analysis of the current meter time series. Main features of the circulation and mixing patterns were obtained from the time series analysis, and these results are discussed in several sections detailing the salinity distribution, tidal regime, circulation, and frontal regime in Rupert Bay.
THE STUDY AREA -RUPERT BAY Rupert Bay is a very large, shallow, subarctic estuary located off the southeast corner of James Bay (Fig. 1) The bottom of Rupert Bay is covered by silts and clays of Tyrrell Sea deposits, which provide an abundant source of fine sediments and make the waters very turbid in summer (d 'Anglejan, 1980) . The shoreline is marked by large marshes and muddy foreshores, particularly in Cabbage Willows Bay and between the mouths of the Broadback and Rupert rivers.
The estuary has an important phytoplankton production in the downstream region, while the relative abundance and diversity of fish species are quite high (Legendre and Simard, 1978 
METHODOLOGY
During a 45-day program in July and August 1976, and for a short time in late summer of the same year, Aanderaa RCM-4 current meters were moored at different locations within the bay to monitor current speed and direction, temperature, and conductivity (salinity) with a 5 min sampling interval. Further temperature and conductivity measurements were taken with a Martek TDC profiler at 62 stations, 13 of which were measured over a period of 12.5 h from anchored sites within the bay. A limited number of observations were also taken in late summer after the main work was completed.
An Aanderaa water level recorder was moored near the entrance of the bay (station 9) for a 33-day period, during which time the instrument moved slightly.
A meteorological station (air temperature, wind speed, and direction) was positioned on Gushue Island from 19 July to 19 August at 38 m above sea level. Other meteorological data for Moosonee (100 km west of Rupert Bay) were obtained from the Atmospheric Environment Service. Bathymetric features of the estuary were taken from the Canadian Hydrographic Service map number 5414, and daily freshwater runoff values for the three main tributaries were provided by the Ministbre de 1'Environnement du QuCbec. Figure 2 shows the mooring and anchored sites, the position of the meteorological station, and the position of the water level recorder. Figure 3 shows a time line of when the moored instruments were in place and when the anchored sites were sampled. 
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-- All current and wind vectors were decomposed into alongchannel components (u), positive into the bay (135' true), and cross-channel components (v), positive along 45' true. It is anticipated that some contamination of the velocity data occurred because of wave-induced motions in the savonius rotors for the near-surface yqorings. Current meter data were filtered using an A6A,A,/6 6 7 type moving mean to reduce the relative frequency of observations to hourly values.
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Smoothed Qoutly values were also filtered with an A,,A,,A,,/24 24 25 filter to eliminate diurnal and higher frequencies, according to the methods discussed in Godin (1972) . A complete description of the equipment and methods is given in Veilleux (1990) . Table 1 gives a summary of the mean temperatures, salinities, and mean and root mean square (rms) current velocities (along-channel only) over the sampling period. To help in understanding the important mixing processes and driving forces, a variance analysis was performed on the unfiltered, smoothed, and low-pass filtered salinity time series. Figure 4 shows the results of the analysis as well as the percentage of the salinity variance due to high frequency events, semi-diurnal and diurnal tidal frequencies, and low frequency events. It was found that 77% of the salinity variations in Rupert Bay were related to tidal phenomena (semi-diurnal and diurnal components), 12% to other high-frequency events (assumed to be mostly related to winds), and 11 % to low frequencies (atmospheric systems, long period tidal components, river runoff, etc.).
RESULTS AND DISCUSSION
Salinity Distribution
The upper limit of the salt intrusion at high tide was located near Stag Rock, while at full ebb, fresh water could be found as far downstream as Stag Island. Figure 5 illustrates the isohaline distribution at the surface and at 5 m, for both the ebb tide (Lkl) and the flood tide ( W l ) . The data used for this figure were from all the CTD stations sampled in a 2 h period centred at low and high tides. These samples were taken on various days during the 45-day study period with no pre-determined regularity. The figure is not a synoptic representation due to the variability of tidal currents, winds, James Bay salinities, and freshwater input during that period. Significant stratification is found only at H+l in the area near Stag Island. We also see that the major part of the intrusion is in the area around Jacob Island. The change in stratification along the bay is well represented in Figure 6 , which shows salinity contours for three CTD stations just outside Rupert Bay and for one CTD station between Stag and Gushue islands (meteorological station location in Fig. 2 ). The time period for the plots is equivalent to a semi-diurnal tidal period, with slack water occurring at approximately H+2 and L+2, and maximum ebb and flood current velocities being reached 1-2 h before tidal extrema. The currents superimposed on the contours are taken from moorings located at the same stations. To illustrate the tremendous effect of the tides, it is interesting to note that except at slack high water, at station 79 (Fig. 6d ) the water remained in an essentially homogeneous state and maintained this homogeneity throughout the 8 m depth as the salinity increased by 10 ppt during the course of the flood tide. Station 9 was located near the more southern boundary of James Bay and Rupert Bay. We can see that at this station the water was well stratified and that salinity reached its maximum soon after high water and its minimum just after low water. The freshest water appeared at low water but was confined to the upper 5 m. This is in accordance with Figure 5 . Station 21 also showed definite stratification, although the effects of maximum ebb and flood tides are more pronounced here. Velocities at station 5 were over 150 c m d during the ebb tide. Channel orientation is responsible for the 90" difference between the direction of the velocity component at this station and the other stations. Salinities throughout the water column at station 5 were lower relative to the other two stations at the boundary of James Bay and Rupert Bay. At low water, the fresher water reached greater depths than at station 9. We infer that the majority of the fresh water exits Rupert Bay between Tent Island and the mainland. For reference purposes, we have divided Rupert Bay into three zones according to prevalent salinity characteristics (Fig. 2) . Similar zonal designations were employed by Legendre and Simard (1978) in their phytoplankton study of the region. Zone 0 is the area farthest upstream, where fresh water was present at all times and depths. The middle estuary, zone A, is where salinity profiles showed essentially vertically homogeneous conditions but for the duration of the ebb tide and at H+1. Zone B is found farthest downstream, and it is here that partially mixed conditions prevailed, especially in the passages around Jacob and Tent islands. The boundaries of these zones are transient and will change depending on discharge and tidal strength, as in the case of the extent of salt intrusion mentioned earlier.
Tidal Regime
The predominance of the semi-diurnal components of the tide can be seen in the tidal height analysis results and in the current meter observations. Table 2 gives the amplitude and Greenwich phase lag for the principal tidal constituents that were obtained from the tide gauge data (Foreman, 1977) . Table 3 lists results from a tidal current analysis (Foreman, 1978) . In both tables, the constituent, &, represents the average water level or amplitude at 0 frequency (see Forrester, 1983 , for a concise explanation of tidal analysis). Both analyses reveal a strong M, tide. The tidal ellipses for the principal lunar constituent (MJ are shown in Figure 7 . The diurnal component is almost equivalent in amplitude to the semi-diurnal S, component. The water level signal could have been influenced by the land-sea breeze (T = 24 h), which was observed on 22 of the 43 days of the sampling period (Veilleux, 1990) . The quarterdiurnal component (M4, T = 6.21 h), which appeared significant in both analyses, could have included a seiche effect. The seiche period for Rupert Bay ranges between 6.1 and 7.1 h and is close enough to the M, tidal period for resonance to increase the amplitude. The occurrence and strength of both the seiche effect and the land-sea breeze are unpredictable; nevertheless, the importance of wind-generated phenomena at periods close to the tidal constituents should be considered. Estimation of the tidal form number (Defant, 1960) , which is defined as the ratio (F) of the main semi-diurnal (M,+S,) to the main diurnal (K,+O,) constituent amplitudes, also confirmed the strong semi-diurnal character of the tide. A form number greater than 3 indicates that the tide is of diurnal type, and one smaller than 0.25 is considered to represent a semidiurnal tide. Table 4 presents form numbers within the study area for both currents (F,) and water level ( F J . For those moorings with less than 15 days of recorded data, S, and 0, components were assumed to be included in the M, and K, estimations respectively. The average value of F, computed from tidal currents was 0.10. The value of F, computed from the water level recorder data was 0.24. These results fit the observations of semi-diurnal tidal currents in the inlets of Mississippi Sound (Seim and Sneed, 1988) , with F, = FJ2. Seim and Sneed (1988) explained that continuity considerations cause semi-diurnal currents to increase relative to diurnal currents at inlets, while water levels are not affected by the continuity constraint. There are no comparable data in this study for the offshore tides, but the spatial distribution of F, from Calculation of the M,/M, ratio, often called the shallow water effect ratio, gives an indication of the degree of non-linear response of the estuary to tidal forcing. This non-linearity in the tides can be illustrated by comparing offshore tides with the estuary tide. In Rupert Bay, this ratio had a value of 0.10 at the water level recorder station. We do not have offshore tide values outside Rupert Bay, but Aubrey and Speer (1985) estimated a shallow water effect ratio of 0.007 for a station outside a narrow, shallow estuary with the ratio equivalent to 0.265 within the estuary.
A comparison of the predicted tide in Rupert Bay for the period of the study with the observed water level signal allowed us to estimate the non-tidal response in the bay. A record length of 33 days is barely adequate for doing this estimation. Non-tidal forcing within the bay includes large-scale atmospheric effects, local wind driving, and seiches (resonance within the bay). Inverse barometric effects were removed from the water level signal. The resulting filtered signal of the water level, within which the fortnightly modulation can be seen, was significantly perturbed by the wind (Fig. 8) . The dominant wind direction is along the main axis of the bay (from James Bay). Figure 8 shows that the wind was an important disturbing factor for the water level signal. A lagged cross-correlation analysis of the two time series gave a maximum correlation coefficient (r) of 0.77, with a 7 h lag due mainly to the sealevel setup time in response to an imposed wind. 
Circulation
Current meter data, decimated to hourly intervals, from stations 25, 40, and 27 (transect A in Figure 2 ) are shown in Figure 9 . One can clearly see the semi-diurnal variability in the four time series. At station 40, the temperature and salinity fields are similar at both depths because of near homogeneity of the water column in this area (Figs. 9b and 9c) . With reference to the velocity, however, magnitudes are much less at 8 m than at 4 m due to a bottom depth of only 10 m. Also at station 40, during maximum ebb tide, large negative values were observed in the cross-channel velocity (v) at times when the current appeared weak in the along-channel (u) component. Several rapid changes to negative v values occurred in the middle of positive u peaks. These shifts were associated with passing fronts. At station 25, v was virtually equivalent in magnitude at all times to u, and at station 27, v was equivalent to u in strength during the flood tide.
All available current meter data from all the moorings and fixed stations were combined to give a picture of the tidal circulation shown in Figure 10 . The data for these two plots were not all sampled on the same day and there was no accounting for a variable tidal amplitude. The figure shows the ebb and flood currents at 3 m depth. The data are plotted for the time of maximal ebb flow (5 h after high water) and for the time of maximum flood (4 h after low water). We see that the strengths of the flood and the ebb were of similar magnitude, 100 c m d , but the flows used different paths for flood and ebb in some shallow areas. Table 1 shows that the magnitudes of the mean velocity components were about 10% of that of the tidal flow. The long-term mean also seemed to be directed downstream. Stations 21 and 78 exhibited strong inward flow at 10 m or greater.
In estuaries with a large ratio, E, of tidal range to mean water depth (Rupert Bay: E =.0.625), local depth changes appreciably over a tidal cycle and the bottom effect on current magnitude and direction is important in shallow areas (Kjerfve, 1975) . This bottom effect is due to the frictional stresses arising from bottom drag. The major disturbing influence on non-tidal mean circulation is believed to be the wind and bottom friction.
Gravitational circulation in an estuary such as Rupert Bay consists of a seaward flow of brackish water originating as river discharge, a compensating landward flow of seawater at depth, and vertical exchange between the two waters from which arises a vertical salinity gradient whose constancy is determined by the effectiveness of the exchange process. The circulation, however, is not laterally homogeneous ". . . as the water tends to flow in a spiral fashion. The transverse and vertical components of the flow create what are known as secondary flows in the plane of the cross-section" (Dyer, 1977) . These flows are consequences of variations in bottom topography.
Variations of the lateral motion were examined for a crosssection of Rupert Bay (transect A in Figure 2 velocity); and wind stress. Although Dyer (1977) pointed out that wind stress is potentially the most significant term in the lateral equation of motion, we could not confirm this because the dominant winds were mainly longitudinal, and strong tidal flows and bottom topography restrained cross-sectional windinduced circulation. The wind stress was excluded from the examination. Estimation of the four remaining terms was made over the same ten consecutive semi-diurnal tidal cycles
(1 1/08/76 at 1 1 h to 16/08/76 at 16 h) from the current meter data at the stations of transect A. Pressure measurements were adjusted hydrostaticall to 3 m, and we used an average water density of 1006 kg.m . Table 5 lists the results of the analysis.
The dominant terms in the lateral dynamic balance were found to be the centrifugal acceleration, the Coriolis force, and the baroclinic pressure gradient. The prominence of the centrifu- (up to 100 cm.s-' at station 25) and aerial observation. This term was twice as large as the Coriolis force. Figure 3 shows that the estuary is not laterally homogeneous at slack water. The baroclinic pressure gradient resulting from lateral density differences appeared strongest between stations 25 and 40. The residual contribution in Table 5 represents the contribution from the rate of change of the lateral velocity (-$-) , the other local accelerations, the horizontal pressure force resulting from the surface slope across the estuary, the turbulent Reynolds stresses, and, potentially, the excluded wind stress. Although the residual is of the same order as the Coriolis force, the contribution of the individual compone ts is less than any of the forces balancing the acceleration (v ( $1.
The main characteristics of the circulation in Rupert Bay were: 1) strong tidal currents compared to mean flow; 2) residual circulation controlled by the principal channels; 3) tidal currents using different paths at flood and ebb; 4) tidal current magnitudes that were about 30% lower at flood than at ebb; 5) surface currents that were much affected by wind stress along the main axis of the bay; and 6) secondary flows.
Fronts
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The frontal zone is the area where large gradients in physical properties occur. The front itself is the line of demarcation in the frontal zone and is manifest at the surface by accumulations of foam or flotsam, similar to regions of convergence found in the open ocean, and by changes in water colouration due to gradients in sediment or plankton concentration. Fedorov (1983) provides a comprehensive discussion on defining fronts and semantics of related terms. According to him, two types of fronts can be associated with estuaries: that of a salt wedge, and that formed by interactions of tidal currents with bottom topography.
In Rupert Bay, fronts were similar to the tidal mixing fronts described by Simpson and Hunter (1974) and again by Fedorov. They were mostly aligned parallel to the axes of the main channels or around the downstream islands. Figure 1 la depicts their approximate distribution derived from aerial pictures and visual observations. Since the fronts were observed to be present at various stages of the tide, the duration of the formations was presumed to be that of a tidal cycle. Their presence was also detectable on some of the current meter records, with a quick change of both transverse current velocity and of the salinity and temperature fields at maximum ebb. Frontogenesis in Rupert Bay was thought to have occurred as a result of differential mixing caused by strong tidal flow over shoaling bottom topography, which created lateral gradients of density (Fig. 1 lb) . Similar frontal formation was found by Huzzey (1988) and Huzzey and Brubaker (1988) for the York River estuary, a coastal plain estuary in Chesapeake Bay. Simpson and Hunter (1974) developed an empirical model to predict frontal position in the Irish Sea according to local tidal currents and bathymetry. They suggested that the energy required to mix the water column was proportional to local depth (h) and to tidal energy loss. Since the tidal energy dissipation is proportional to the cube of tidal current intensity (U3), they predicted frontal formation for hlU3-55 (Simpson RUPERT BAY SUMMER OCEANOGRAPHIC CONDITIONS / 267 and Hunter, 1974). For tidal currents of 0.5 m s ' , frontal formation should occur at about 7 m, while tidal currents of 1.0 m.s" would correspond to 55 m depth. Simpson and Hunter's criterion assumes that the tidal velocity at the bottom is proportional to the velocity at the surface and therefore uses the magnitude of the surface tidal velocity, whereas Pingree and Griffiths (1978) developed a variation of the above formula that had the advantage of using a a vertically averaged veiocity. Since we observed little vertical velocity variation and shear in the water column, due probably to the shallowness of the study area, we used the Simpson and Hunter model to predict frontal formation. Tidal currents in the deeper channels of Rupert Bay were usually between 0.5 and 1.0 m d , and since tidal currents were usually higher in the adjacent shallow areas, we expected all areas in Rupert Bay with depths less than 6 m to be homogeneous over most of the tidal cycle. An examination of Figures 6 and 11 confirms this hypothesis.
Biological implications of fronts and frontal zones can be characterized by the availability of nutrients and the amount of biomass. The front can act as a barrier for species and nutrients making one side high in productivity and the other much lower, with minimal mixing between the two water masses (CSt6 et al., 1986; Simpson and Hunter, 1974) . The biology of the observed frontal zones in Rupert Bay has never been specifically addressed and may be a topic worth further examination.
CONCLUSION
Rupert Bay estuary is characterized by its shallow topography, strong tidal flow, and numerous fronts. Mixing was intense in the first two-thirds of its length, which created homogeneous conditions in many areas. Analysis of observed water level and current velocity confirmed the strong semidiurnal character of the tide and the presence of important shallow water constituents. Most of the observed non-tidal water level-variations were well correlated with wind forcing. In-depth investigation of other phenomena occurring at tidal periods and non-tidal forcing, such as seiche and wind effects, may give further insight into mixing mechanisms in Rupert Bay. The cross-channel components of the flow were pertinent to the overall flow regime.
An examination of the lateral dynamic balance at a mid-bay transect revealed that the centrifugal force, Coriolis force, and baroclinic pressure gradient between the southshore and mid-bay stations were the most significant of all estimated forces.
